ABSTRACT
INTRODUCTION

58
Heat dissipation during exercise is achieved mainly by evaporative and convective heat 59 loss mechanisms. Regarding the relative contribution of these in a hypobaric hypoxic 60 environment of high altitude, Gagge and Nishi (5) suggested in the physicochemical theory 61 that the convective transfer of heat from the skin surface to the atmosphere was reduced while 62 that for evaporative heat loss was enhanced owing to lowered barometric pressure. Greenleaf 63 et al. (7) examined the theory in human subjects exercising in a hypobaric hypoxic condition 64 simulating 4,000 m with an artificial climate chamber, measured convective and evaporative 65 heat loss by partitional calorimetry, and confirmed that convective heat loss contributed to 66 body temperature regulation less than evaporative heat loss. On the other hand, to our 67 knowledge, there have been only a limited number of studies that examined thermoregulatory 68 responses to a hypobaric hypoxic condition (7, 16) , which may further modify the heat 69 dissipation mechanisms that are physicochemically unique in the condition (5).
70
During exercise of a given intensity with hypoxia, since a larger portion of cardiac output 71 (CO) is distributed to active muscles than in normoxia (27), a greater volume of plasma water 72 might be shifted into the active muscles and a consequent greater decrease in plasma volume 73 (PV) might affect the heat dissipation mechanisms (4, 17, 19) . Experimentally, Takamata et al.
74
(31) examined the effects of normobaric hypoxia attained by having subjects breathe 13% O 2 , 75 equivalent to partial O 2 pressure at 3,400 m, on PV during graded exercise and suggested that 76 a decrease in PV was enhanced to two-fold that in normoxia at the same absolute intensity.
77
Regarding the mechanisms for the enhanced PV loss in hypoxia, they suggested that a greater 78 increase in capillary pressure due to enhanced peripheral vasodilation, and a greater increase 79 in intracellular osmolality due to more accumulation of osmotic substances, lactic acid, 80 accelerated the fluid shift out of the vascular space into the interstitial or intracellular spaces 81 of the active muscles (29). These results suggest that a greater decrease in PV reduced venous 82 return to the heart, lowered cardiac filling pressure, and thereby suppressed cutaneous 83 vasodilation through baroreflexes (4, 17, 19) , while it would have minor effects on sweating 84 as previously suggested in a normoxic condition (15).
85
Therefore, in the present study, we hypothesized that a reduction in skin blood flow by an 86 JAPPL-00950-2010-R2 5 any beverages containing caffeine or alcohol or any salty foods the day before the experiment.
124
Also they had been told to drink 500-ml tap water 1 hr before visiting the laboratory. They 125 put on shorts and shoes, emptied their bladders, and entered an artificial climate chamber for 126 thermoregulatory response test at 0645 in the CNT and NPLO trials and at 0615 in the LPLO 127 trial. The 30-min earlier entrance into the room in LPLO was used to lower the barometric 128 pressure of the chamber. Body weight was measured to the nearest 10 g in the nude.
130
Thermoregulatory response test 131 The subjects sat on the contour chair of the cycle ergometer in a semi-recumbent position 132 and rested for 60 min in the CNT and NPLO trials, and 90 min in the LPLO trial, during 133 which time all measurement devices were applied. Subjects put on a face mask 134 Hans Ludolph, Kansas City) for respiratory gas analyses during the test, while the two air 135 inlets of the face mask were connected to a Douglas bag of 200 liters via inspiratory tubes.
136
The bag contained 5 liters of water to humidify the inspiratory gas, which was provided 137 manually from a gas cylinder when the air content in the bag decreased as the air was 138 consumed. The gas composition in the cylinder was 14% oxygen (O 2 ) and balanced 139 nitrogen (N 2 ) for the NPLO trial and 21% O 2 and balanced N 2 for the CNP and LPLO trials.
140
Then, in the LPLO trial, the atmospheric pressure was gradually decreased from 710 mmHg 141 at 610 m to 510 mmHg for 30 min, equivalent to 3,200 m.
142
After the baseline measurements were taken for 10 min around 0800, subjects exercised at 143 an intensity of 50% V and was represented every min on average.
196
CO
197
CO was measured at 10 min before and at 5 (Ex5), 10 (Ex10), and 40 min (Ex40) after and HR measured at the same time.
210
The reproducibility of this measurement, examined in another group of young subjects 211 during graded cycle ergometer exercise, was confirmed to be 0.4-0.9 l•min -1 of 95% an enzyme electrode (YSI 2300 Stat Plus, YSI, OH).
226
The remaining 7 ml of the aliquot at rest and at Ex10, Ex20, and Ex40 in 5 of 7 subjects 227 was placed in a chilled tube (EDTA (2Na) 1.5 mg•ml -1 ) that was centrifuged at 4ºC and the 228 plasma was stored at -85ºC until assayed. HR, CO, and SV from Ex5 at Ex10 and Ex40 between trials as shown in Figure 4 . As in the 315 figure, we found that the increase in T es from Ex5 to Ex40 was ~0.1 ºC greater in the LPLO
316
and NPLO trials than the CNT trial (P=0.026 and P=0.011, respectively). In addition, we 317 found that ΔCO was significantly higher in the hypoxic trials than the CNT trial at Ex40 in the
318
LPLO and NPLO trials (P=0.049 and P=0.012, respectively) and similarly, ΔSV was 319 significantly higher in the LPLO and NPLO trials than the CNT trial at Ex40 (P=0.034 and P=0.010, respectively). As shown in Figure 2 and 
369
On the other hand, in the present study, we found in the hypoxic trials that the increase in
370
HR was enhanced by ~20 beats•min -1 throughout exercise, and moreover, the increase in
371
[NA] p was significantly enhanced compared with that in the CNT trial ( results. Alternatively, the lower relative humidity, 30% in their study vs. 50% in the present 435 study, might have influenced the results. In the present study, we had subjects perform 436 exercise at the same intensity while confirming that there were no significant differences in 437 V ． O 2 during exercise ( Table 2) , and found that SR was similar between trials with no 438 influence of hypobaria.
439
We found no significant differences in T es between the hypoxic trials, suggesting no 440 influence of hypobaria on the variables in a hypoxic condition. We calculated the change in 441 the heat conductances for convection and evaporation in hypobaria using the equations for with total sweat loss during this period. Thus, the reciprocal changes of the conductances 447 might have canceled the effects of hypobaria on heat dissipation in the present study.
448
Significance of redistribution of blood flow 449 We estimated skin blood flow in the whole body from FBF and the body surface area (2).
450
In addition, we estimated muscle blood flow by subtracting skin blood flow from CO. We 451 found that skin blood flow was ~1 liter•min -1 lower while muscle blood flow was ~4 452 liter•min -1 higher in the hypoxic trials than in the CNT trials at Ex40, suggesting that ~25% of muscle blood flow was redistributed from the skin to muscle, which might be advantageous 454 for supplying more oxygen to the active muscles although at the cost of heat dissipation. In 455 the present study, we suggest that the redistribution was caused by unloading of baroreceptors 456 due to the greater PV loss.
457
Limitations
458
We measured FBF as an index of skin blood flow in the present study. However,
459
hypocapnia by voluntary hyperventilation was suggested to evoke forearm muscular 460 vasodilation (23, 24). Moreover, the forearm muscular conductance response to lower body 
475
In the present study, since we did not perform a hypobaric normoxic trial, the mere Figure 1 . CNT, normobaric normoxia at 610 m; LPLO, hypobaric hypoxia at 3200 m; NPLO, normobaric hypoxia attained by having subjects breathe mixed gas of 14% O 2 and balanced N 2 at 610 m. *, significant differences from CNT at P<0.05. 
